An immunoassay was used to examine the interaction between a herpes simplex virus protein, ICP8, and various types of DNA. The advantage of this assay is that the protein is not subjected to harsh purification procedures. We characterized the binding of ICP8 to both single-stranded (ss) and double-stranded (ds) DNA. ICP8 bound ss DNA fivefold more efficiently than ds DNA, and both binding activities were most efficient in 150 mM NaCl. Two lines of evidence indicate that the binding activities were not identical: (i) ds DNA failed to complete with ss DNA binding even with a large excess of ds DNA; (ii) Scatchard plots of DNA binding with various amounts of DNA were fundamentally different for ss DNA and ds DNA. However, the two activities were related in that ss DNA efficiently competed with the binding of ds DNA. We conclude that the ds DNA-binding activity of ICP8 is probably distinct from the ss DNA-binding activity. No evidence for sequence-specific ds DNA binding was obtained for either the entire herpes simplex virus genome or cloned viral sequences.
The major DNA-binding protein encoded by herpes simplex virus type 1 (HSV-1) is an approximately 130,000-dalton protein commonly known as infected-cell polypeptide 8 (ICP8). This protein is expressed as a delayed early (beta) protein. Studies with temperature-sensitive mutants of both HSV-1 and HSV-2 have addressed several aspects of the functions of ICP8 in a lytic infection. The involvement of ICP8 in viral DNA replication is suggested by the fact that mutants with temperature-sensitive lesions in this gene do not replicate their DNA at the nonpermissive temperature (8, 9, 12, 23) . This suggestion was further substantiated by the finding that purified wild-type ICP8 stimulates the viral DNA polymerase activity present in extracts from cells infected with a temperature-sensitive ICP8 mutant (19) . Studies in our laboratory have examined the functions of ICP8 in the infected cell. A group of mutants were identified which produced ICP8 proteins that were thermolabile for binding to replicating viral DNA in the infected cell (17) . These mutants also overproduced several species of viral mRNA and the proteins encoded by them at the nonpermissive temperature (10) . This overproduction was independent of DNA replication, and all three temporal classes of viral genes were affected. Taken together, these data indicate that ICP8 is a protein with multiple functions, which include an involvement in viral DNA replication and the negative regulation of viral gene expression.
Biochemical studies from two laboratories provided evidence that ICP8 possesses some of the properties of helixdestabilizing proteins (HDPs). Two well-characterized HDPs are the bacteriophage T4 gene 32 protein and the Escherichia coli HDP (1, 6, 30) . These proteins bind cooperatively to single-stranded (ss) DNA, and their affinity for doublestranded (ds) DNA is several magnitudes below that for ss DNA. Powell et al. (23) showed that purified ICP8 lowered the melting temperature of polydeoxyadenylate-polydeoxythymidylate [poly(dA)-poly(dT)] helices. This characteristic of DNA-binding proteins is commonly attributed to the * Corresponding author. cooperative binding of protein molecules to ss regions that occur frequently in the unstable poly(dA)-poly(dT) duplex (1, 6) . Ruyechan (26) showed by electron microscopy that ICP8 bound cooperatively to circular ss DNA. In the presence of purified ICP8, the circular ss DNA molecules were either fully extended or collapsed. The fully extended molecules were believed to be saturated with ICP8, whereas the collapsed molecules were not bound by ICP8. The apparent absence of partially extended molecules indicated that the binding was cooperative. The cooperative binding and poly(dA)-poly(dT) melting activities of ICP8 are attributed to interaction with ss DNA molecules. The ICP8 protein from cell extracts binds to both ss and ds DNA-cellulose columns (3, 14, 24) . Although these investigators consistently observed that ICP8 bound ss DNA-cellulose more efficiently than ds DNA-cellulose, it is difficult to assess quantitatively the differences in binding in the presence of excess amounts of DNA on the columns. This investigation was initiated because we felt that the ds DNA-binding activity warranted further study.
We used an immunoassay to assess the interaction of ICP8 with DNA. The assay is similar to the procedure of Clark et al. (7) , which was modified from that of McKay (22) . These immunoassays have been used to show the specific and nonspecific DNA-binding activities of the T antigen of simian virus 40 (7, 22, 28) . The advantage of this assay is that it allows us to test the affinity of ICP8 for various kinds of DNA without subjecting the protein to harsh conditions that might destroy specific forms or complexes.
MATERIALS AND METHODS
Cells and viruses. Vero cell monolayers were grown in Dulbecco modified Eagle medium containing 10% viable serum protein neonatal calf serum (Biocell Laboratories, Carson, Calif.). HSV-1 strain KOS 1.1 (13) was obtained from Myron Levine, University of Michigan, Ann Arbor. The virus was grown and titrated as described previously (15) .
DNA-cellulose chromatography. Cell extracts were prepared and DNA-cellulose chromatography was performed by methods similar to those described before (14 ss DNA-cellulose (1 mg of DNA per g of cellulose) was prepared by the method of Alberts and Herrick (2) . Columns containing 1 ml of ss DNA-cellulose were prepared in 5-ml plastic pipettes. Clarified cell extracts (0.5 ml) were loaded onto the column, and the column was washed with 4 ml of D buffer. Proteins bound to the column were step-eluted with D buffer containing increasing concentrations of NaCI. The fractions were dialyzed against 150 mM NaCl, precipitated with acetone, and dissolved in protein gel sample buffer. Equal portions of each fraction were analyzed by electrophoresis in polyacrylamide gels, followed by autoradiography (15) .
DNA used in binding assay. HSV DNA was prepared from Vero cells infected with KOS 1.1 for 24 h (MOI of 10). To obtain 3H-labeled HSV DNA, cells were incubated with 10 ,uCi of [3H]thymidine per ml from 5 to 24 h postinfection. After 24 h, the cells were washed and swelled in a buffer containing 10 mM Tris-hydrochloride (pH 7.6) and 5 mM MgCl2. The nuclear and cytoplasmic fractions were isolated by Dounce homogenization. 3H-labeled HSV DNA was isolated from the nuclear fraction only, whereas unlabeled HSV DNA was isolated from both the nuclear and cytoplasmic fractions. The extracts were treated with 0.4% sodium dodecyl sulfate and 1 mg of pronase per ml at 37°C for 16 h. Viral DNA was separated from cellular DNA by centrifugation through NaI equilibrium density gradients. The 3H-labeled HSV DNA used in this study had a specific activity of 2.8 x 105 cpm/,ug. Calf thymus DNA (Sigma Chemical Co., St. Louis, Mo.) was purified by sequential extractions with phenol, chloroform, and ethyl ether.
The HSV and calf thymus DNAs were digested with restriction enzymes to appropriate size fragments before binding. HSV DNA was digested with AluI, and calf thymus DNA was digested with HaeIII to produce blunt-ended fragments ranging from 70 to 2,600 base pairs. The digested DNAs were purified by phenol extraction, and the phenol was removed by two extractions with chloroform-isoamyl alcohol (24:1), followed by two extractions with water-saturated ethyl ether. The residual ether was evaporated by heating at 68°C for 10 min. Omission of either extraction resulted in interference with DNA binding, probably because of residual phenol in the DNA preparations. HSV DNA was denatured by boiling for 5 min.
Polydeoxynucleotides were purchased from P-L Biochemicals, Milwaukee, Wis. The chain length of poly(dT) was 1,000 nucleotides, and the chain length of poly(dA)-poly(dT) was 450 nucleotides before annealing.
Preparations of plasmid pSG18 were purified on CsCl density gradients (20) . The plasmid was digested with BamHI, BstEII, and EcoRI, and the recessed 3' ends created by the restriction enzymes were labeled with [32P]dCTP, unlabeled dATP, dTTP, and dGTP, and the Klenow fragment of Escherichia coli DNA polymerase I (20) . An excess of unlabeled nucleotides was then added to ensure that the ends were completely filled in. The labeled DNA was purified by chromatography through Sephadex G50-150 Immune complexes prepared from 106 cells contained 0.7 ,ug of ICP8, as estimated by staining of the eluted polypeptides on polyacrylamide gels (data not shown). The complexes from a similar number of cells contained ca. 6 ng of endogenous DNA, as estimated by ethidium bromide staining (data not shown). Because the binding of ss and ds DNAs continued to be linear for amounts many times above the endogenous level, it seems unlikely that the endogenous DNA affected the binding reactions except as described below.
RESULTS DNA-binding assay for ICP8. As an initial step in developing our immunoassay for DNA binding, we determined whether the binding of monoclonal antibody 39S to ICP8 would interfere with the ability of ICP8 to bind to ss DNA-cellulose columns. One-tenth volume of ascites fluid containing 39S antibody was sufficient to react with more than 90% of the ICP8 in infected-cell extracts (Fig. 1 , lanes 1 and 2). The ICP8 protein from cell extracts preincubated with 39S antibody bound to ss DNA-cellulose columns as efficiently as ICP8 from untreated-cell extracts (Fig. 1, lanes  8 through 12) . We concluded from this experiment that 39S antibody does not block the DNA-binding site of ICP8.
To study the DNA-binding activities of ICP8, we used 39S antibody in a one-step purification procedure to adsorb ICP8 onto formaldehyde-fixed S. aureus cells. We will refer to the S. aureus cells with bound antibody and bound ICP8 as immune complexes. The immune complexes were washed kd immunoprecipitated with 39S antibody, whereas 5 and 2.5% of the ss and ds DNAs, respectively, became associated with the immune complexes. Therefore, DNA binding to the complexes required ICP8, and we conclude that the DNA associated with the immune complexes was bound to ICP8.
Binding of ds and ss DNA was nearly maximal within approximately 20 min (Fig. 4) . Optimal binding was achieved in 150 mM NaCl, and binding was abolished by 300 mM NaCl (Fig. 5) , although the association of ICP8 with the immune complexes remained stable at NaCl concentrations up to and including 1 M (data not shown). The salt sensitivity of DNA binding in this immunoassay was similar to that observed for the binding of ICP8 to DNA-cellulose columns (Fig. 1) (Fig. 2) . ss DNA was bound ca. fivefold more efficiently than ds DNA. At the highest concentration of cell extract used (Fig. 2) , 67% of the ss DNA and 14% of the ds DNA were associated with the immune complexes. When either infected-cell extract or 39S antibody was omitted from the reaction mixture, only 0.3 to 1.9% of either DNA was associated with the immune complexes. Therefore, the association of DNA with the immune complexes was dependent on the presence of both infectedcell extracts and 39S antibody. Because ICP8 was the major protein precipitated from infected-cell extracts with 39S (Fig. 3) , it was likely that the associated DNA represented DNA bound by ICP8. To determine whether other minor viral or cellular proteins recognized by 39S antibody may have been responsible for the DNA-binding activities, the following experiment was performed. Extracts prepared from cells infected with the HSV ICP8 mutant KOS 1.1 tsl8 (12, 17) at the nonpermissive temperature were used in the immunoassay. Less than 10% of the mutant protein was The data shown in Fig. 6 were also analyzed by standard Scatchard plots, assuming DNA to be the ligand and the immune complexes to be the receptor. The binding curves for ss and ds DNA were very different. The binding curve for ss DNA (Fig. 7A) was a concave downwards curve, which is characteristic of positive cooperation (5, 16) , whereas the binding curve for ds DNA (Fig. 7B) was a concave upwards curve, which reflects either negative cooperation or multiple binding sites of differing affinity (5) . Because the curves were nonlinear and because both the DNA molecules (21) experiments, the ratio of protein to 3H-labeled DNA was approximately equal to that at the lowest points of the saturation curves shown in Fig. 6 (10 ng) , and cold competing DNA was added in increasing amounts until they were well beyond those in the plateau regions of the curves. The binding of 3H-labeled ss HSV DNA was efficiently competed by cold ss DNA that was either homologous (HSV) or heterologous [poly(dT)] (Fig. 8) . Cold ds HSV DNA and poly(dA)-poly(dT) duplexes did not compete with ss DNA binding even when present in 100-fold excess, suggesting that the ds DNA-binding activity does not reflect binding to ss regions within ds DNA.
The binding of 3H-labeled ds HSV DNA was easily competed by the ss DNA poly(dT) (Fig. 9) ( Fig. 7B) suggested that ICP8 molecules have two independent classes of binding sites for ds DNA. We wanted to determine whether the higher-affinity binding reaction which occurred at low DNA concentrations represented binding to specific DNA sequences. Therefore, binding reactions were carried out at a ratio of protein to DNA similar to that at the lowest point of the saturation curve shown in Fig. 6 (10 ng) fragments (5 to 36 kilobases) were filled with a combination of 32P-labeled and cold nucleotides. When the bound and unbound DNAs were analyzed by electrophoresis through agarose gels, we found that all 16 fragments were bound equally by ICP8 (data not shown).
A possibility remained that the putative specific sequence may be common to all the BglII fragments. Therefore, we tested the binding of ICP8 to smaller DNA fragments. As substrate we used plasmid pSG18 (11) , which consists of the bacterial plasmid pBR325 with an insert derived from the 16-kilobase EcoRI F fragment of HSV DNA (0.314 to 0.420 map units). This plasmid contains sequences required for the expression of ICP8, as determined by transient expression (25) . Because ICP8 has been shown to affect its own expression (10), we wanted to determine whether it might bind specifically to sequences around the ICP8 gene. A triple restriction endonuclease digest (EcoRI, BamHI, and BstEII) of the plasmid produced fragments ranging from 400 to 4,000 base pairs. ICP8 bound slightly better to the two pBR325 fragments than to the HSV DNA fragments (Fig. 10) . With the exception of the two lower-molecular-weight fragments (400 and 460 base pairs), all the viral fragments were bound equally. The increased affinity for the two bacterial DNA fragments may be due to a preference for adenine-plus-thymine-rich sequences.
DISCUSSION
We describe here a simple assay for the binding of ICP8 to various DNAs. ICP8 molecules from infected-cell extracts were adsorbed onto a solid matrix by using a monoclonal antibody which did not inhibit DNA binding, and the subsequent association of several different types of DNA to this immune complex was measured. This procedure was similar to an assay described by Clark et al. to show the specific binding of simian virus 40 T antigen to the viral origin of replication (7) . In addition to its simplicity, this immunoassay allows us to preserve the integrity of the protein and the DNA. The DNAs used as substrate have not been subjected to harsh procedures, such as those used for coupling DNA onto cellulose matrixes, and therefore they possess more predictable secondary structures. The ICP8 used for the reaction was directly immunoprecipitated from sonicated cell extracts. High-salt-concentration treatments used in protein purification procedures were avoided in this study because we were interested in preserving any multimeric forms, complexes, or labile conformations that may be required for particular interactions of ICP8 with DNA.
ss DNA-binding activity. Theoretically, cooperative binding of protein molecules onto DNA is required if the DNA molecule is to be saturated with protein (29) . One of the functions of ss DNA-binding proteins, such as the gene 32 protein of T4 and the HDP of E. coli, is to protect ss DNA from nuclease digestion. Therefore, it is important for these proteins to bind ss DNA without leaving gaps. This is accomplished by the ability to bind cooperatively to ss DNA.
In this study, we found that a Scatchard plot analysis of the binding of various amounts of ss DNA by a constant amount of protein produced a concave downwards curve (Fig. 7A ) which resembled that predicted for positive cooperative binding (5, 16 ). Because we were measuring the binding of various amounts of DNA, the positive cooperativity observed here represents the cooperative binding of DNA molecules by ICP8. This is in contrast to the positive cooperation described by Ruyechan (26) , which represents (27) . 7 The second line of evidence is the fundamentally different Scatchard plots obtained for the two 
